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ABSTRACT
The study of active region tilt angles and their variations in different time scales plays
an important role in revealing the subsurface dynamics of magnetic flux ropes and
in understanding the dynamo mechanism. In order to reveal the exact characteristics
of tilt angles, precise long-term tilt angle data bases are needed. However, there are
only a few different data sets at present, which are difficult to be compared and cross-
calibrate because of their substantial deviations. In this paper, we describe new tilt
angle data bases derived from the Debrecen Photoheliographic Data (DPD) (1974–)
and from the SOHO/MDI-Debrecen Data (SDD) (1996-2010) sunspot catalogues. We
compare them with the traditional sunspot group tilt angle data bases of MountWilson
Observatory (1917-85) and Kodaikanal Solar Observatory (1906-87) and we analyse
the deviations. Various methods and filters are investigated which may improve the
sample of data and may help deriving better results based on combined data. As a
demonstration of the enhanced quality of the improved data set a refined diagram of
the Joy’s law is presented.
Key words: (Sun:) sunspots – methods: data analysis.
1 INTRODUCTION
It has been known for a long time that the line connecting
the leading and following portions of a bipolar sunspot group
usually tilts with respect to the solar equator (Hale et al.
1919). The tilt angle has been regarded as an important pa-
rameter of the magnetic field since the publication of the so-
lar dynamo models by Babcock (1961) and Leighton (1969).
The longest available tilt angle data bases are derived from
white-light photographic observations taken at Mount Wil-
son Observatory (MW ) in 1917-1985 and Kodaikanal So-
lar Observatory (KK) in 1906-1987 (Howard et al. 1984;
Howard 1991b; Sivaraman et al. 1993). The magnetograms
available since 1974 also allow the study of tilt angle of active
regions (Wang & Sheeley 1989; Howard 1991a). Numerous
characteristics of tilt angles and their changes have been in-
vestigated based on these data bases (e. g. Howard 1993,
1996a,b; Sivaraman et al. 1999; Howard et al. 2000). Sev-
eral papers have also confirmed that the average tilt angle
increases with increasing latitude known as Joy’s law re-
ported by Hale et al. (1919) at first.
Recently new methods and data (e.g. tilt angles derived
from space-based magnetograms) have been included into
⋆ E-mail: baranyi.tunde@csfk.mta.hu
the studies. For example, Dasi-Espuig et al. (2010, 2013)
initiated the study of cycle-to-cycle dependence of the aver-
age tilt angles. Li & Ulrich (2012) developed a new method
to derive tilt angles from MW and SOHO/MDI magne-
tograms. They started to investigate the median tilt angle
instead of the mean tilt angle, and they found a persis-
tent asymmetry between the median tilt angles measured
in the northern and southern hemispheres in all latitudi-
nal ranges. McClintock & Norton (2013) also paid attention
to the differences between hemispheres and cycles and they
suggested a revision of Joy’s law equations. It is widely ac-
cepted that the tilt angle is primarily due to the Coriolis
force acting on initially untilted rising magnetic flux tubes
(e.g. Wang & Sheeley 1991; D’Silva & Choudhuri 1993) but
some authors (Sivaraman et al. 2007; Kosovichev & Stenflo
2008; Stenflo & Kosovichev 2012) have questioned this ex-
planation arguing that the tilt is already established in the
source region inside the Sun. Tlatov et al. (2013) revealed a
new dynamo pattern by separating the tilt angles of large
and small solar bipoles. Jiang et al. (2014) studied the tilt
angle scatter in the framework of Babcock-Leighton dynamo
models by using the MW/KK data bases. They concluded
that the tilt angle scatter has a significant impact on the
variability of the solar cycle strength. These examples show
that a number of new ideas and questions have arisen con-
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cerning the tilt angles recently. To reveal more details and
answer the open questions, the studies need extended ho-
mogeneous long-term measurements of tilt angles or cross-
calibration of various data sets derived with different meth-
ods.
The longest sunspot group tilt angle data set available
after the termination of MW/KK data bases has been de-
rived recently from DPD. The DPD tilt angles can be also
compared with the tilt angles derived from the SOHO/MDI-
Debrecen Data (SDD) catalogue with or without consid-
ering the magnetic polarity information. In this study, we
analyse and compare sunspot group data available in var-
ious data bases (MW/KK, DPD, SDD), and some new
data derived for the purpose of comparison presented in this
paper. The aim of this study is to reveal the special char-
acteristics of these data bases and to look for various filters
that can be used to decrease the differences between them.
2 DATA
The DPD1 data (Gyo˝ri, Baranyi & Ludma´ny 2011) are
measured on daily white-light full-disk photographic plates,
which are mainly taken at Debrecen Heliophysical Observa-
tory and its Gyula Observing Station but, in some cases, the
data derived from observations of cooperating ground-based
observatories or from space-borne images. DPD covers the
years starting with 1974 with one observation/day time res-
olution and it contains the position and (whole and umbral)
area data for all sunspot groups and each spot in them.
These data allow deriving tilt angle data from them. By us-
ing the umbral data of DPD, the umbral tilt angle (TDPDu)
of the sunspot groups can be determined in a similar way
as it was done at MW/KK after measuring only umbral
areas. In addition, a new type of tilt angle (TDPDws) can
be derived from DPD by using the whole spot area (WS)
of the spots and pores (TDPDws). The calculation of the tilt
angle data follows the traditional way in both cases (Howard
1991b):
T = tan−1((Bf−Bl)/(Lf−Ll)/cos(B)∗sign(|Bf |−|Bl|))(1)
where Bf / Bl are the area-weighted latitude of the follow-
ing/leading portion, Lf , Ll are the area-weighted longitude
of the following/leading portion, and B is the latitude of the
centroid of the whole group. The separation of the leading
and following portions can be derived as
S =
√
(Bf −Bl)2 + ((Lf − Ll)cos(B))2. (2)
The DPD does not contain magnetic polarity informa-
tion on spots but the available magnetograms are frequently
taken into account while grouping spots. Thus, the DPD
tilt angles based on estimated or measured polarities may
be closer to the magnetic tilt data than they would be in
the case of automatic grouping based simply on proximity.
The Mount Wilson Solar Observatory has taken full-
disk broad-band observations called White Light Directs
once per day since 1906. The images for 1917-1985 were
measured to determine the sunspot group tilt angles with
the method described by Howard et al. (1984). The umbral
1 http://fenyi.solarobs.unideb.hu
area and mean position of each spot present within 60◦ lon-
gitude from the central meridian (LCM) were measured by
measuring the position of two successive vertices of the su-
perposed quadrilateral. In the next step, a program based
on their proximity grouped the spots. A spot was included
in a group if its position was within a distance of 3◦ in lati-
tude or 5◦ in longitude from another spot in the group. The
area-weighted position of the leading (following) portion was
derived from the data of umbrae in the portion located to
the west (east) of the area-weighted centroid of the sunspot
group (Howard 1991b). The same measuring method was
applied to the white light images of Kodaikanal Solar Ob-
servatory (Sivaraman et al. 1993) to determine the KK tilt
angles of sunspot groups and their daily changes for the year
1906-1987. These traditional sources of tilt angle data (TMW
and TKK) are available at NOAA/NGDC
2.
The MW Directs was digitized and published in the
frame of Mt. Wilson Solar Photographic Archive Digitiza-
tion Project3 (Bertello et al. 2010). At present, the MW
Photo Archive contains scans of white-light observations for
the intervals 1917-18 and 1961-67 overlapping with theMW
tilt angle data base. These images can be evaluated with the
software developed for DPD. We selected the Directs avail-
able for 1961-67, and the position and area data of spots
were measured with the software of DPD. The new tilt an-
gle data set (TMWDPD) was created by using the umbral
data like in the case of TDPDu.
The Mount Wilson sunspot polarity drawings4 (see e.g.
Tlatov et al. 2014) are often available close in time to the
MW Directs. Thus, by comparing the MW drawings and
images, we can usually determine or estimate the polarity
of the spots involved in the leading and following portions
of the groups in TMW and TMWDPD.
The Greenwich Photoheliographic Results (GPR) cata-
logue (1874-1976) contains position and area data of sunspot
groups measured in photographic observations taken at
Royal Observatory of Greenwich and at a few other ob-
servatories. It can provide additional information for us on
the correct separation of groups and on the nearby sunspot
groups within the overlapping interval with the MW data
set. We used the digital version of GPR available at NGDC.
Concerning further details on GPR data and their digital
versions see e.g. the paper by Willis et al. (2013).
For the time interval 1996-2010, some comparisons
can be made by using the SDD1 tilt angle data
base (Gyo˝ri et al. 2011) derived from SOHO/MDI quasi-
continuum images. Four types of tilt angle can be calculated
based on this data set but we used only two of them. The
TSDDu is the ”traditional” tilt angle like TDPDu while in the
case of TSDDupo the separation of leading and following por-
tion is based on the polarity information of umbrae derived
from MDI magnetograms. In the case of SDD and DPD,
the additional selection criterion of |LCM | < 60◦ was ap-
plied because the measurements were confined to this region
at MW/KK.
2 http://www.ngdc.noaa.gov/stp/solar/solardataservices.html
3 http://ulrich.astro.ucla.edu/MW SPADP/index.html
4 http://obs.astro.ucla.edu/intro.html
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3 DIRECT COMPARISON OF MW DATA
To reveal the major characteristics of MW data, we com-
pared two tilt angle data sets (TMWDPD and TMW ) based
on theMW Directs. We used the GPR to match the data of
these two data set. In TMWDPD, we identified the sunspot
groups according to GPR. We also tried to match the
sunspot groups in TMW to the groups in GPR by using their
heliographic latitude and LCM data corrected to the time
difference of observations. The comparison of the available
data after Jan. 1, 1965 revealed that the time of observation
of TMW is in UT but the correct date is the next day. Be-
fore 1965, the date of TMW is correct but the published time
has to be subtracted from 24h to derive the correct time of
observation in UT. After the needed corrections, the data
of sunspot groups in TMW and TMWDPD can be matched
quite well. (This is also valid for the KK data set because
of the same measuring method and software.)
Identifying the matching cases, we generated the com-
bined data set TMW&TMWDPD containing 506 sunspot
groups with tilt angles for 1961-67. This pilot data set to-
gether with the Directs and polarity drawings allows us
to determine such characteristics of the measured sunspot
groups which are not published in TMW . The pilot data are
used to extrapolate the result for the whole interval of TMW
(and TKK) and for the following era. The correctness of the
extrapolation is checked by using TSDDu in some cases.
The position data of leading and following portions pub-
lished in TMW allowed us to estimate which spots were mea-
sured as members of the given portions in the Directs. When
we compared these portions in the image with their match-
ing parts in the MW polarity drawings, the estimation of
the magnetic polarities of spots also became available. In
this way, we can determine whether a given portion of a
group indicated as leading (following) portion published in
TMW corresponds to the magnetic portion of a bipolar group
correctly. Table 1 shows that in the most cases, the identifi-
cation of the portions of bipolar groups was correct in TMW .
However, in about 26% of the cases, the measured tilt
angles refer to unipolar groups that contain only spots of
one polarity, these data necessarily distort the statistics.
The estimated number of these cases based on the MW
observations is about the same as the percentage based on
the SDD tilt data derived by comparing the number of the
traditional tilt angles and that of the tilts with polarity in-
formation. The percentage of tilt angle of unipolar groups
is probably similar in any tilt angle data base in any time
interval.
The other source of distorted statistics is the false
grouping of spots. In the pilot data set, about 14% of the
TMW data refers to such groups which are unipolar because
of the measuring method. In these cases, both the leading
and following parts of a group are measured but they are
separated and assigned as two independent unipolar groups.
These divisions are caused by the automatic separating al-
gorithm in those cases when the opposite polarity portions
have larger distance than the threshold for grouping.
A further possible source of false tilt data may be the
accidental close proximity of nearby groups. By examining
the studied sample we can estimate that ∼ 4% of TMW be-
longs to this type of cases. The percentage of such cases may
be probably smaller in DPD because of the use of magne-
Table 1. Percentages of the various cases of sunspot group data
in tilt angle data bases TMW (1961-67) and TSDDu (1996-2010).
Data base TMW&TMWDPD TSDD
Number of cases 506 108523
Bipolar sunspot group 55.93% 74.26%
Unipolar spots 26.09% 25.74%
Only one portion measured 13.83%
Mixed-up nearby groups 4.15%
Figure 1. Tilt angle TMW versus separation SMW in the case
of bipolar groups. The equation of the regression line is
TMW = 5.43(±2.95) − 0.31(±0.62)SMW .
tograms but a few percent of incorrect grouping can also be
estimated both in the case of TDPDu and TSDDu mainly in
their preliminary versions.
We have examined how the tilt angles of bipolar and
unipolar (physically unipolar or incorrectly divided) groups
depend on the separation of leading and following portions
(SMW ). Figures 1-2 show the distribution of tilt angles TMW
versus SMW in the case of bipolar and unipolar sunspot
groups of Table 1, respectively.
It can be seen in these figures that the tilt angles of
bipolar groups show a smaller dependence on SMW than
Figure 2. Tilt angle TMW versus separation SMW in the case
of unipolar groups. The equation of the regression line is
TMW = −2.53(±5.09) + 2.29(±3.12)SMW .
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those of the unipolar groups. The mean tilt angle of the
unipolar groups is much smaller (0.54±2.86) than that of the
bipolar groups (5.29±1.07). This means that the mean tilt
angle of the whole data set depends on the ratio of bipolar
and unipolar sunspot groups involved in the measurements.
4 FILTERING OUT DIVIDED GROUPS
About 1/3 of the effect of unipolar groups comes from the
divided groups of MW/KK, and the decrease of their con-
tribution can improve the statistical results. Thus, we looked
for a suitable filter that can be used without a detailed in-
vestigation of sunspot groups. We tested how the divided
groups in the MW (and KK) data set can be identified if
we try to match them to the group of closest position in
the GPR (until 1976) or DPD (after 1974) catalogue. In a
simple case, GPR/DPD contains only one group at about
that heliographic position whereMW (or KK) contains two
groups (one for the leading portion and one for the following
portion). In this case, both groups ofMW (KK) can be only
matched to the same group of GPR/DPD. About 10% of
the MW/KK cases was matched twice or more times shar-
ing the same pair in GPR/DPD. Sorting out these double
or multiple pairs increases the mean tilt angle as it can be
expected from the study of the pilot data base. For example,
the mean of TMW in the interval 1917-1976 is 4.16 ± 0.19
without using this filter and it is 4.69± 0.20 with this filter.
In 1974-1985, these values are 4.56 ± 0.46 and 5.00 ± 0.47
respectively. The mean TDPDu in this interval is 5.12±0.46;
and the mean TMW is closer to that of TDPDu if we use
this filter. However, the tests show that the method is not
perfect because there are cases when the divided groups are
not identified. For example, this method does not work well
if one of the portions of the divided group is omitted from
the MW/KK data base e.g. because one of the portions is
at |LCM | > 60◦ while another portion is at |LCM | < 60◦.
The time difference between the data bases and the nearby
groups involved only in GPR/DPD also decreases the effi-
ciency of the matching process. This filter can be useful if it
is important to involve all the available data into a study. If
there is a need to improve the sample in the range of larger
separation, the correct tilt angle can be also calculated by
matching the leading and following portions to each other.
5 FILTERING OUT UNIPOLAR GROUPS
If the unambiguity of the data has a higher importance than
the size of the sample, a more robust filter can be usually
more useful. Such a filter can be derived from Figures 1-2 by
comparing the separation of bipolar and unipolar groups. It
can be seen that the ratio of bipolar groups increases with
increasing separation. The range of small separation (about
< 2◦) is dominated by unipolar groups while bipolar groups
have usually a larger (> 3◦) separation. This provides a tool
to decrease the effect of unipolar groups and indefinite cases.
We investigated which criterion for separation is suit-
able to filter out unipolar groups. The statistical study of the
pilot data set shows that the suitable threshold can be about
2.5−3◦. Below 2.5◦, the unipolar groups clearly dominate in
the sample. The ratio of bipolar and unipolar groups is ∼ 1:1
in the interval 2−2.5◦ and it is ∼3:1 in the interval 2.5−3◦. If
there is a need to keep the largest number of bipolar groups
in the studied sample, the criterion of S > 2.5◦ can be used.
In this case, 84% of the excluded groups is unipolar while
90% of unipolar groups and 12% of bipolar groups are ex-
cluded. If there is a need to exclude more unipolar groups,
the criterion of S > 3◦ can be used. In this case, 77% of the
excluded groups is unipolar while 94% of unipolar groups
and 19% of bipolar groups are excluded.
We have similar results if we use the larger sample of
TSDDu (108523 cases within the range of |LCM | < 60
◦):
∼ 90% of unipolar groups and 20% of bipolar groups have
smaller separation than 3◦. The type of bipolar groups can
be various in this range (e.g. small group with a few small
spots at its maximal development; small developing group
(often with small spots in a ring like structure); large old
spot with a few small spots of opposite polarities some-
where around it; small complex group with a few umbrae
of opposite polarities within a common penumbra). These
types of groups cause that the scatter of the tilt data of
bipolar groups with small separation is large. The criterion
of S > 3◦ filters out not only the majority of unipolar groups
but this inhomogeneous subset of bipolar groups too.
6 DIFFERENCES BETWEEN METHODS
This section discusses those methodological differences that
can be responsible for the differences and hidden sources
of errors in tilt angle data. In Figure 3, we compared the
histograms of the separations in two subsets of MW and
DPD to reveal the differences between them. In the up-
per panels, the histograms refer to the same sunspot groups
measured with two different methods in 1961-67. The lower
panels show the frequency of the tilt angles in the data set
TMW the years 1974-85 and that of TDPDu on the same
days within |LCM | < 60◦ but without matching them to
each other. The histograms show that there are quite large
differences between the frequencies of the separation in the
data sets. The reason of these differences is the difference
between the measuring methods.
At MW , a pore was measured in a similar way as an
umbra. In this way, the calculation of tilt angles is based
on both pores and umbrae. However, the DPD (the official
continuation of GPR) has to handle the pores and umbrae
as GPR did. In the GPR, in the case of the pores or spots of
area below 5 msh (millionths of the solar hemisphere) usu-
ally the whole spot area was measured and in the column of
umbral area was zero. The method of DPD is developed to
result in similar umbra and whole spot area to that of GPR.
Each solar feature is classified as a ”spot” which is darker
than the photosphere and its whole spot area is measured.
The umbra area is only measured in those cases when the
software identifies one or more darker parts in the spot. Since
the tilt angle TDPDu (and TMWDPD) is based on the data in
the column of umbral area, the pores are not included into
the umbral tilt angle at all.
The different umbra definition or separation/union of
nearby umbrae in MW and DPD may also cause devia-
tions. For example, there are groups with TMW but without
TDPDu (and vice versa).
The above-mentioned things may cause differences in
c© 2014 RAS, MNRAS 000, 1–10
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Figure 3. Frequency of the separation of leading and following portions of sunspot groups in various tilt angle data sets. panels: Left
separation of sunspot groups based on the MW data set (SMW ) in two time intervals. Right panels: separation of sunspot groups based
on the DPDu data set in the same two intervals (SMWDPD in 1961-67 and SDPDu in 1974-85).
the number of tilt angles and in the separations, which can
be efficiently decreased by filtering out the groups of small
separation as it can be seen in Figure 3.
We have found that in the half of the cases when there is
TMW but no TDPDu, the tilt angle TDPDws can be in a good
agreement with TMW . Thus, it is useful to investigate the
TDPDws tilt angles too. The upper panel of Figure 4 shows
the histogram of the separation derived from the TDPDws
data. It can be seen that the relative ratio of the groups in
the range of small separation SDPDu < 2 to the other groups
is smaller here than it is in the lower right panel of Figure 3.
This means that the majority of the tilt angles TDPDu with
SDPDu < 2 comes from the groups which consist of one
single spot containing more than one umbra. These cases
can be also filtered out by using a threshold for |TDPDu −
TDPDws| as it can be seen in the lower panel of Figure 4.
This filter allows selecting the most unambiguous cases when
the tilt angles derived with two different methods are in a
good agreement with each other.
In Figure 5, it can be seen why the differences in the
separation of involved groups are important from the point
of view of mean tilt angles. The effect of the increase of mean
separation on the mean tilt angle and the effect of various
filters can be estimated based on tilt angle TSDDupo where
the information on umbral polarity is taken into account
in the calculation. It can be seen that the mean tilt angle
is increasing with increasing separation that is in agreement
with the result of Howard (1993). This means that the mean
tilt angle depends on the frequencies of the sunspot groups
with various separations. It can be also seen that the mean
tilt angle increases when we increase the number of more
unambiguous cases by using some filters for the difference
between the tilt angles calculated with different methods.
The figure shows that these filters also affect the mean tilt
angle of the selected sample in a different extent.
7 TILT ANGLES
By using the possible filters above, we can investigate
whether there are any significant systematic deviations be-
tween the tilt angles of MW and DPD data bases. To de-
termine the cross-calibration factors, we follow the method
of OLS-mean (Babu and Feigelson 1992) in the same way
as it was described in the Section ”Method of analy-
sis” of Baranyi et al. (2013) and similar to the method of
Balmaceda et al. (2009). Ordinary least-squares (OLS) lin-
ear regression model without an intercept term (i.e. the slope
of a linear regression forced to pass through the origin) is
applied to the data of two different observatories in two it-
erations. The slope derived in the first iteration is taken to
be the initial estimate for a second analysis, and the stan-
dard error of the estimate (σfit) is determined. In the second
analysis, the outliers are excluded when only points within
3 ∗ σfit from the first fit are taken. The OLS-mean method
treats the variables symmetrically. Thus, we apply an inverse
linear regression with the same iterations, switching the de-
pendent variable with the independent variable. Finally, the
c© 2014 RAS, MNRAS 000, 1–10
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Figure 4. Frequency of the separation of leading and following
portions of sunspot groups based on the DPDws tilt angle data.
Upper panel: SDPDws in the same time interval as in the lower
panel of Figure 3. Lower panel: the same as in the upper panel in
the case of |TDPDu − TDPDws| < 10
◦.
Figure 5. Mean of TSDDupo versus separation of sunspot groups
SSDDupo calculated for separation bins of 3
◦ by using various
selection criteria.
arithmetic mean of the two OLS slopes is calculated as an
estimate of the slope of the regression line.
For the bipolar groups matched in 1961-67, we used the
selection criteria of both SMW and SMWDPD larger than 3
degrees. In these cases, there is a large probability that the
same parts of the group were measured in a similar way. The
result of the comparison shows that there is no systematic
Table 2. Statistics of the differences between sunspot group data
in tilt angle data bases MWDPD and MW . The studied sample
consists of 206 cases when both TMWDPD and TMW are deter-
mined and both SMW and SDPD are larger than 3
◦.
|TMWDPD − TMW | Number of cases Percentage
< 5◦ 164 79%
< 10◦ 194 94%
< 15◦ 201 97%
deviation between the two data bases because the correction
factor practically does not differ from one.
TMWDPD = 1.02(±0.02) ∗ TMW . (3)
For the years 1977-85, the correction factor is also a
negligible value determined when we use the same selection
criteria and unambiguous pairs of groups of DPD andMW .
TDPDu = 1.01(±0.01) ∗ TMW . (4)
Equations (3) and (4) show that the difference between
the measuring methods does not result in a systematic dif-
ference between the tilt angles in the unambiguous cases.
The random deviations are not too large either. Table 2
shows the statistics of the differences between TMWDPD and
TMW . (Without the criteria of SDPDu > 3 and SMW > 3,
the percentages are 6-9% smaller.) Our test shows that the
cause of the large deviation is usually the difference between
the longitudes of the area-weighted centroids in MW and
DPD. In these cases, the difference between TMWDPD and
TMW mainly depends on the area data of the umbrae which
determine the position of the longitude separating the lead-
ing and following portions. A small difference in the separat-
ing longitude may change the assignment of some umbrae
in the middle of the group to the leading or to the following
portion. This shows that some differences between the area
measurements can cause deviations of tilt angles.
8 AREA OF SUNSPOT GROUPS
Because of the important role of area data, it is useful to
compare the pairs of area values belonging to the same
groups in the various data bases. By using the same OLS-
mean method described in the previous section, we com-
pute the correction factor between the area AMW published
in the MW tilt angle data base and corrected umbral area
AMWDPD derived by the software of DPD from the scans
of MW Directs. The time interval 1961–67 yielded a sample
of 537 pairs of area data. We also compared these data with
the corrected umbral area in GPR (AGPRu). The equations
of the linear regression are:
AGPRu = 1.84(±0.06) ∗AMW . (5)
AMWDPD = 1.98(±0.05) ∗AMW (6)
AGPRu = 0.95(±0.02) ∗AMWDPD. (7)
Equation (7) shows that there is no substantial system-
atic difference between the GPR and MWDPD area data.
This is in good agreement with the results of (Baranyi et al.
2001, 2013) claiming that the correction factor between the
GPR and DPD area data is practically equal to 1. However,
c© 2014 RAS, MNRAS 000, 1–10
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Table 3. Slope of the Joy’s law calculated for the whole interval
of the various tilt angle data bases in the latitude range of ±30◦.
(The regression line is forced through the origin.)
Data base Slope Slope if S > 3
TMW 0.292(±0.019) 0.396(±0.016)
TKK 0.294(±0.027) 0.423(±0.037)
TDPDu 0.327(±0.017) 0.422(±0.016)
TSDDu 0.373(±0.042) 0.423(±0.025)
equations (5) and (6) show that there is a quite large correc-
tion factor between the AMWDPD and AMW data although
both of them were measured in the same observation. This
supports the arguments of Foukal (2014) who concluded that
the large deviation of AMW data from the GPR area data
comes from the measuring method of the MW data.
To investigate the relationship on a larger sample, we
compute the correction factor between the area data for the
overlapping intervals of DPD and MW . The number of the
data pairs AMW and ADPDu is 4644 in the interval 1974-85.
The result is only slightly different from equation (6):
ADPDu = 1.91(±0.03) ∗AMW . (8)
The reason of the small difference can be caused by the
difference in the size of samples as well as a small time de-
pendent variation of data which can be expected in the case
of any data bases (Baranyi et al. 2013) The comparison can
be made for the overlapping intervals of DPD andKK data
too. The number of the data pairs AKK and ADPDu is 4995
in the interval 1974-87. The result is:
ADPDu = 1.71(±0.02) ∗AKK (9)
These correction factors have to be used when area data
of both DPD and MW/KK are used in the same study.
9 JOY’S LAW
We examine how the selection criteria described above affect
the slope of Joy’s law. Figures 6-7 show the effect of filters
SMW > 3 and SKK > 3 on the Joy’s law based on the MW
and KK data, respectively. It can be seen that the mean
tilt angles calculated in bins of 5◦ increase when the filter
is applied and the increase is larger at larger latitudes. The
slopes of the regression lines fitted in the latitudinal range of
0−30◦ in the various cases are listed in Table 3, which shows
that the slopes determined by using the group with S > 3
are in a better agreement with each other than the original
ones. These values have also a smaller deviation from the
slope calculated from the data series of the Pulkovo data
base (CSA) data (0.38± 0.03) which is also based on white-
light observations (Ivanov 2012). In Table 3 we indicated the
slopes of regression lines that are forced through the origin so
that the comparison could be clearer. However, it is an open
question whether regression lines have to be forced through
the origin. Some authors include constant in equations (e.g.
Li & Ulrich 2012; McClintock & Norton 2013) while some
other authors determine the Joy’s law with no intercept (e.g.
Ivanov 2012; Dasi-Espuig et al. 2010).
We have investigated whether the DPD clarifies the
question of intercept of the regression line after selecting out
Figure 6. Joy’s law derived from TMW with and without using
the selection criterion SMW > 3
◦. Error bars represent ± one
standard error of the mean in all the figures. The latitude is |B|.
Figure 7. Joy’s law derived from TKK with and without using
the selection criterion SKK > 3
◦.
the most ambiguous cases with two filters of SDPDu > 3
◦
and |TDPDu − TDPDws| < 10 applied for each solar cycle.
In Figure 8, we can see that in Cycles 22-23 the constant
of the regression line is close to zero (0.38|B| + 0.09 and
0.43|B| − 0.05, respectively) but it is somewhat larger in
Cycle 21 (0.29|B| + 2.29). Except for this and a few other
small differences, the curves are quite similar to each other.
The most intriguing feature of these diagrams is that
the rate of tilt angle increase toward the poles is not con-
stant. There is a well recognizable plateau at about the lat-
itude of 15◦. The close spatial connection with the mean
latitude of the sunspot groups (15.8◦, Std. Dev. 7.4◦) may
imply that the plateau has a physical connection with the
main part of the active region belt. We have checked whether
the comparison of the hemispheres reveals further details.
It can be seen in Figure 9 that the plateau is expressed in
each cycle on the northern hemisphere and it is recognizable
in the southern hemisphere though less unambiguously. De-
spite this difference, the slope of the regression line fitted in
the latitudinal range of 0 − 30◦ is about the same in each
cycle and in both hemispheres except for the southern hemi-
sphere in Cycle 21 as it can be seen in Table 4.
We have examined whether the plateau arises due to
the fact that the TDPDu is calculated with no polarity in-
c© 2014 RAS, MNRAS 000, 1–10
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Figure 8. Joy’s law derived from TDPDu by using the selection
criteria SDPDu > 3
◦ and |TDPDu − TDPDws| < 10
◦.
formation. This can be checked by using TSDDupo data. We
also exploited that it has a large enough sample to decrease
the latitudinal bins from 5◦ to 3◦ to get a more detailed
curve. We plotted the median values so that it could be ex-
cluded that it is only an effect on means. It can be seen in
Figure 10 that the diagram of TSDDupo contains a well rec-
ognizable plateau in the southern hemisphere and somewhat
less expressed one in the northern hemisphere. This implies
that the lack of the polarity information is not the reason of
non-linearity.
Figure 5 may imply that the groups with separation
larger than about 10◦ have a special effect on the mean tilt
angle thus the large complex groups or long trains of in-
separable nearby groups may be also mentioned as possible
reasons of the plateau-like deviation. To reveal any effects
of them on the Joy’s law, we plotted the medians in three
separation ranges in Figure 11. This figure shows that the
curve of groups with separation of SSDDupo > 10
◦ explic-
itly deviates from the two other ones but the plateau is not
their result because it can be see well in the ranges of smaller
separation. The time series of this latter subset of data was
divided into several subintervals of the solar cycle to investi-
gate the temporal variation of the Joy’s law. Figure 12 shows
that the plateau is recognizable in each subinterval although
the median values have quite large differences because of the
decreased sample size. It seems that the plateau is narrower
in the years around the solar maximum than in the years of
lower activity.
The results show that the plateau may be detected in
several suitably chosen subsets of data. To provide much
clearer evidence for it and to reveal the causes of the found
deviations, further detailed studies will be needed. However,
Figures 8-12 are suitable to demonstrate the advantages of
the new tilt angle data sets. The large sample of tilt angles
and various types of additional information allow studying
some characteristics of tilt angles in details e. g. the fine
structure of the Joy’s law.
10 SUMMARY
We have compared the traditional tilt angle data bases of
Mount Wilson (MW ), Kodaikanal (KK) observatories with
the recently published data bases (DPD, SDD) of Debrecen
Figure 9. The same as Figure 7 but separated for the northern
and southern hemispheres by keeping the sign of latitude.
Figure 10. Joy’s law derived from TSDDupo in latitudinal bins
of 3◦.
Observatory in different time intervals by statistical meth-
ods and case studies. New tilt angles have been derived from
MW white-light observations for 1961–67 by using the soft-
ware of DPD. We have compared the positions of the lead-
ing and following portions of the MW tilt angle data base
with the positions in the photographic images and with the
polarity information on that part of the group in the MW
polarity drawings. Based on these data, we have revealed
several differences between the data bases coming from the
different measuring methods. We have tested a few new
methods to filter out the majority of incorrect tilt angles
and to decrease the deviations because of random errors.
We have calculated the calibration factors between umbral
area of MW , KK, GPR and DPD. Our results show that
there is no systematic deviation between the traditional and
Table 4. Equation of Joy’s law calculated for TDPDu in three
solar cycles shown in Figure 9.
C Northern hemisphere Southern hemisphere
21 0.43(±.07)B + 0.76(±1.13) −0.21(±.07)B + 3.35(±0.37)
22 0.46(±.06)B − 1.00(±1.07) −0.43(±.05)B − 0.10(±0.93)
23 0.41(±.07)B + 0.68(±1.27) −0.41(±.06)B − 0.05(±1.03)
c© 2014 RAS, MNRAS 000, 1–10
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Figure 11. Joy’s law derived from TSDDupo in three separation
ranges in latitudinal bins of 5◦ of |B|.
Figure 12. Joy’s law derived from TSDDupo for the groups of
SSDDupo < 10
◦. The time interval is divided into six parts to
see the temporal variation. Upper panel: years around solar max-
imum. Lower panel: years before and after maximum years.
new tilt angle data sets. The filters and calibrations enhance
the reliability and homogeneity of the tilt angle data bases.
Because of these revisions, improved curves of the Joy’s
law have been obtained by applying various filters on the
tilt angle data. Our results show that the applied filters in-
crease the slope of the Joy’s law; in addition, the slopes de-
rived from different data sets get closer to each other. The
decrease of the unambiguous tilt data may allow recognizing
new types of characteristics of tilt angles. The most unex-
pected result based on the new Debrecen data is that the
curves representing the Joy’s law exhibit an indication for
a conspicuous feature: a plateau in the domain around the
mean latitude of the active region belt at ∼ 16◦. This may
imply a still unknown contributor to the fine structure of
the Joy’s law based on sunspot group tilt angles. Further
research is required to provide much clearer evidence or a
refutation of the possible significance of this feature but the
advantages of the new data may be seen well.
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